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Bone mesenchymal stem cell-derived extracellular vesicles
containing NORAD promote osteosarcoma by miR-30c-5p
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Osteosarcoma is a bone tumor that often affects children, adolescents and young people. Non-coding RNA activated by DNA
damage (NORAD) can promote the proliferation of cancer cells in multiple tumors. Thus, the current study set out to explore the
role of NORAD derived from extracellular vesicles (EVs) of bone mesenchymal stem cells (BMSCs) in osteosarcoma. First, NORAD was
highly expressed in osteosarcoma cells and tissues, which might be associated with the progression and metastasis of
osteosarcoma. We isolated EVs from the characterized BMSCs, and found that NORAD was transferred from BMSCs to osteosarcoma
cells via EVs in the co-culture system. Consequently, NORAD delivered by BMSC-derived EVs promoted the proliferation and
invasion of osteosarcoma cells. Subsequently, bioinformatics analyses suggested potential binding relationship between NORAD
and microRNA-30c-5p (miR-30c-5p) as well as between miR-30c-5p and Krueppel-like factor 10 (KLF10), and the results of which
were further verified by dual luciferase reporter gene assay, RNA immunoprecipitation, and RNA pull-down assay. Mechanistically,
NORAD acted as a sponge of miR-30c-5p and up-regulated the expression of KLF10 where miR-30-c-5p mimic declined the effect
induced by NORAD on cancer cells. The osteosarcoma cells were injected into mice to develop tumor growth and metastasis
models. In these two models, injection of BMSC-EVs elevated NORAD expression and KLF10 but reduced miR-30c-5p expression,
whereby suppressing tumor growth and lung metastasis. To conclude, BMSC-EVs deliver NORAD to osteosarcoma cells to regulate
the miR-30c-5p/KLF10 axis, thereby accelerating the progression and metastasis of osteosarcoma.
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INTRODUCTION
Osteosarcoma originates from the mesenchyme, and is the most
commonly diagnosed primary malignant bone tumor across the
world [1]. Children and adults are most frequently affected by
osteosarcoma [2], and the malignancy is associated with multiple
gene mutation diseases, such as Rothmund-Thomson syndrome,
Li-Fraumeni syndrome, and Bloom syndrome [3]. In addition to
genetic mutations, the increased risk of osteosarcoma is also
related to gender [4], age [5], height [6], and metastasis [7].
Moreover, the outcome of patients with distant metastases
remains poor, with 5-year survival rate being only 13% [8].
Nevertheless, current chemotherapeutic regimens have signifi-
cantly augmented patient 5-year tumor-free survival rate to 70%;
however, the side effects and drug resistance of chemotherapy
and the spread of tumors still persist as clinical obstacles [9].
Therefore, it would be prudent to further clarify the potential
molecular mechanism of osteosarcoma and identify new biomar-
kers in order to develop a novel targeted therapeutic regimen for
osteosarcoma [10].
In recent years, an increasing number of studies have shown

that the tumor microenvironment (TME) plays an important role in
tumor progression [11, 12]. Bone mesenchymal stem cells (BMSCs)
are one of the major components in the TME of osteosarcoma,
and have also been shown to mediate cell proliferation and

metastasis in various malignancies [13]. Furthermore, various cell
types including BMSCs are known to secrete extracellular vesicles
(EVs). These EVs communicate between the cells by packaging
and transferring active molecules such as proteins, messenger
RNA (mRNA) and non-coding RNAs from one cell to another [14].
More importantly, recent studies have shown that BMSC-derived
EVs play critical roles in the proliferation and migration of tumor
cells [15]. In addition, the study performed by Qi et al. has
demonstrated that BMSC-derived EVs possess the ability to
promote the growth of osteosarcoma cells [16]. Also, BMSC-
derived EVs have been reported to transfer long non-coding RNA
(lncRNA) plasmacytoma variant translocation 1 (PVT1) to facilitate
tumor growth and metastasis in osteosarcoma [17].
Of many of the lncRNAs correlated with human cancers,

noncoding RNA activated by DNA damage (NORAD) is known to
be dysregulated in various types of human carcinomas, including
osteosarcoma [18]. It has been suggest that lncRNAs may act as
competing endogenous RNAs (ceRNAs) to exert cancer-promoting
effects [19]. Meanwhile, microRNA-30c-5p (miR-30c-5p) was
recently highlighted to suppress apoptosis and inflammatory
response in endothelial cells [20]. In addition, down-regulated
expression levels of miR-30c-5p were previously documented in
osteosarcoma tissues [21]. More importantly, in human osteosar-
coma, NORAD can regulate tumor proliferation and migration by
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competitively binding to miR-199a-3p [22]. However, it is still
unclear whether NORAD participates in the functional regulation
of cancer development in osteosarcoma through miR-30c-5p via
EVs. Consequently, the current study set out to explore the role of
BMSC-EVs delivered NORAD and the miR-30c-5p/Kruppel Like
Factor 10 (KLF10) axis in regard to osteosarcoma cells.

MATERIALS AND METHODS
Ethical statement
Protocols for the current study were approved by the Second Hospital of
Dalian Medical University’s Ethics Committee, and conformed to the
guidelines of the Declaration of Helsinki. Signed informed consents were
obtained from all participants. All animal experiments were in accordance
with ethical standards and approved by the Animal Ethics Committee of
the Second Hospital of Dalian Medical University, and extensive efforts
were made to minimize the suffering of the included animals.

Clinical specimens
First, a total of 30 paired osteosarcoma tissues and adjacent tissue
specimens were obtained from patients diagnosed with osteosarcoma by
histopathological evaluation at the Second Hospital of Dalian Medical
University. None of the included ll patients received treatment prior to
specimen collection. Clinical characteristics of the enrolled patients are
shown in Table S1. Human BMSCs were isolated from three donated bone
marrow by reference to previous methods [23], and the diagnosis was
based on magnetic resonance imaging without damaged femoral head
and diseases such as trauma, blood system diseases, tuberculosis and
tumor infiltration.

Cell culture
Osteosarcoma cell lines 143B (CRL-8303), HOS (CRL-1543), Saos-2 (HTB-85)
and MG-63 (CRL-1427) were procured from the American Type Culture
Center (Manassas, VA, USA). In addition, the human osteoblast hFOB 1.19
was purchased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Subsequently, the cells were identified by means of
short tandem repeat DNA analysis and regularly checked for mycoplasma
contamination. Next, MG-63 and hFOB 1.19 cell lines were incubated in
Dulbecco’s modified Eagle medium (DMEM)/F12 (Gibco, NY, USA), 143B
and Saos-2 cell lines in DMEM (Gibco), and the HOS cell lines in DMEM and
MEM (Gibco). The medium used in this study was supplemented with 10%
(v/v) fetal bovine serum (FBS, Sigma, St. Louis, USA), 100 IU/mL penicillin
(Sigma) and 100mg/mL streptomycin (Sigma). The osteosarcoma cell line
was cultured in a humidified incubator at 37 °C with 5% CO2.

Plasmid construction and cell transfection
Lentiviral particles expressing NORAD (pLenti-NORAD, Lv-NORAD), nega-
tive control (Lv-NC), short hairpin RNA (sh)NORAD (pLenti-sh-NORAD), or
negative control (shNC) (final concentration: 100 nM) were packaged into
HEK-293T cells using lentiviral packaging kits (Invitrogen, Carlsbad, CA,
USA). After 48 h, the virus supernatant was collected and concentrated
with Genechem (Shanghai, China). After the cell confluence of 143B, MG-
63 and BMSCs reached about 50%, the cells were then infected with
lentivirus (1 × 108 TU/mL) and 48 h after infection, the cells were screened
with 10 μg/mL puromycin (Sigma) for at least 1 week to select the stably-
transfected cell lines. shRNA sequence: shControl: CAACAAGATGAAGAGC
ACCAA; sh-NORAD #1: GCCGACGTATGATAAAATAGA; sh-NORAD #2: GGGG
TGACAACTTATGATAAA. The sequence with the highest interference
efficiency (sh-NORAD #1) was selected for subsequent experimentation.
For transient transfection, shKLF10, miR-30c-5p mimic and miR-30c-5p

inhibitor and corresponding controls were purchased from Genechem.
Next, the osteosarcoma cells were inoculated in a 6-well plate at a density
of 4 × 105 cells/mL, and when the cell confluence reached about 80%, the
cells were transfected with shKLF10, miR-30c-5p mimic and miR-30c-5p
inhibitor and corresponding controls according to lipofectamine 2000 kit
instructions (11668-019, Invitrogen). Briefly, 25 pmol mimic/inhibitor was
diluted with 250 µL serum-free Opti-MEM (51985042, Gibco). Then, 10 µL
Lipofectamine 2000 was diluted with 250 µL serum-free Opti-MEM. The
aforementioned diluted mimic/inhibitor was mixed and allowed to stand
for 20min and added into the culture wells. Following transfection, the
cells were cultured at 37 °C with 5% CO2 for 48 h for subsequent
experimentation.

Isolation of BMSCs and identification of multi-differentiation
potential
The isolated BMSCs were cultured in DMEM-F12 basal medium (HyClone
Company, Logan, UT, USA) containing 10% FBS (10099141, Gibco), 0.2%
penicillin and streptomycin (Hyclone). The BMSCs were passaged every
3 days until BMSCs at passage 3–7 were obtained. Then, the obtained
BMSCs were cultured in OriCell™ BMSC osteogenic, adipogenic or
chondrogenic differentiation medium (Cyagen, Guangzhou, China), and
were, respectively, stained with 0.5% oil red O solution, 5% silver nitrate
solution, or 1% Alician blue solution staining to evaluate intracellular lipid
droplets, calcium deposition, or proteoglycan accumulation.

Separation and purification of EVs
FBS was ultracentrifuged and centrifuged at 100,000 × g for 18 h to remove
EVs. When BMSCs reached about 80% confluence, the medium was
replaced with 10% FBS medium with EVs removed, and the BMSCs were
cultured in an incubator at 37 °C with CO2 for 48 h. The collected culture
supernatant was then centrifuged at 500 × g for 15min, decellularized at
4 °C at 2000 × g for 15min to remove debris or apoptotic bodies at 4 °C,
and at 10,000 × g for 20min at 4 °C to remove large vesicles. Next, the
supernatant was filtered with a 0.22 μm filter, centrifuged at 110,000 × g
for 70min at 4 °C, resuspended in PBS and ultracentrifuged in the same
conditions, then resuspended in 100 uL of sterile PBS for downstream
experiments. All ultracentrifuges were performed using a Beckman
ultracentrifuge (Optima L-90K, USA) equipped with a SW-32Ti rotor and
centrifuges using Beckman Allegra X-15R benchtop centrifuges.

Identification of EVs
First, 20 μg EVs were dissolved in 1 mL PBS, vortexed for 1 min to maintain
uniform distribution of EVs, followed by the measurement of size
distribution with NanoSight Nanoparticle Tracking Analyzer (NTA, Malvern
Instruments Co., Ltd., UK).
For observation under transmission electron microscope (TEM), 20 μL of

fresh samples of ultra-separated EVs were loaded onto a carbon-coated
copper electron microscope grid for 2 min and stained for 5 min with
phosphotungstic acid solution (12501-23-4, Sigma). Next, the grid was
rinsed three times with PBS to remove the excess phosphotungstic acid
solution, and then kept semi-dry with a filter paper. A TEM (H7650, Hitachi,
Japan) was used to observe the image at 80 KV.
For the identification of markers of EVs, the EV suspension was

concentrated and the protein content was determined using a bicinch-
oninic acid (BCA) kit (23227, Thermo Fisher Scientific, MA, USA). Next, the
proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred onto a membrane, and the expression patterns
of EV-specifically labeled TSG101 (ab30871, Abcam, Cambridge, UK), CD81
(ab79559, Abcam), Alix (ab76608, abcam), glucose-regulated protein 94
(GRP94) (ab3674, Abcam), and apolipoprotein B (APOB) (ab20737, Abcam).

Verification of loading of NORAD into EVs
RNase A treatment was performed to determine whether lncRNA was
surface bonded to the EVs or packaged into EVs. In short, the EVs were
resuspended in PBS and incubated with 20 μg/μL RNase A (Purelink RNase
A, Thermo Fisher Scientific) at 37 °C for 20min. Following treatment with
detergent (TritonX-100) to destroy the vesicle membrane, the EVs were
then incubated with Radio Immunoprecipitation Assay (RIPA) buffer for
20min, with RNase A, and then with lysis buffer. Finally, RNA content was
isolated and the relative expression patterns of NORAD were measured.

Cell uptake of EVs
First, the purified BMSC-EVs were labeled with PKH67 Green Fluorescence
kits (Sigma). Next, the EVs were resuspended in 4 × 10-6M dye solution
containing 1mL Diluent C solution and 4 μL of PKH67 ethanol dye solution
for 5 min, and then incubated with 2mL of 1% FBS without EVs for 1 min to
stop staining. The labeled EVs were then ultracentrifuged at 100,000 × g for
2 h [24]. The osteosarcoma cells were subsequently incubated with PKH67-
EVs for 12 h at 37 °C, fixed with 4% paraformaldehyde, and stained with
4’,6-diamino-2-phenylindole (D9542, Sigma). Finally, the uptake of EVs by
osteosarcoma cells was observed under a fluorescence microscope
(ECLIPSE E800, Nikon, Japan).
In order to explore the transfer of NORAD, fluorescein isothiocyanate

(FITC)-NORAD was electrically-transfected to EVs, which was isolated from
300 μL of MSC culture conditioned medium. Briefly, 200 ng EVs were
added with 400 μL electroporation buffer (21% Optiprep, 25 mm KCl,
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100 mm potassium phosphate, pH 7.2) and 30 μg FITC-NORAD, transferred
to 4 mm electroporation test tube (Eppendorf, Hauppauge, NY, USA).
After that, the sample was electroporated in an E2510 electroporator
(Eppendorf, Hauppauge) with three pulses at 0–2000 V, and stored at 4 °C
for 5 min. Unbound NORAD was removed by rinsing with PBS. EVs with
FITC-NORAD (green) were labeled with Dil (red) and incubated with
osteosarcoma cells for 48 h, Finally, the co-localization of FITC and Dil in
the recipient cells was observed under a fluorescence microscope
(ECLIPSE E800, Nikon, Japan).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
Total RNA content (500 ng) was extracted using Takara Prime Script RT
master mix kits (Takara, Cat No. RR037B), and reverse-transcribed to
complementary DNA (cDNA) with TaqMan MicroRNA Reverse Transcription
kits (4366596, Thermo Fisher Scientific). Next, RT-qPCR was performed to
detect the mRNA expression patterns using SYBR Premix Ex Taq II kits
(Takara, Cat No. 2). All mRNA primers used in this study are listed in
Table S2. TaqMan probes were purchased from Thermo Fisher Scientific
(Cat No. 1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6
were regarded as the internal reference gene of NORAD and miRNA,
respectively. When measuring the expression patterns of NORAD in EVs, an
endogenous reference of 0.1 ng (1.8 × 108 copies) λpolyA+ RNA (Takara)
synthesis was added at the beginning of RNA reverse transcription to
normalize total RNA in EVs. The calculation of each sample was performed
by means of relative quantification (the 2-ΔΔCt method).

Dual luciferase reporter gene assay
The NORAD sequence containing miR-30c-5p binding site and its mutant
sequence were cloned into pGL3-Promoter luciferase reporter vector
(Promega, Madison, WI, USA) to construct the wild-type (WT)-NORAD and
mutant (MUT)-NORAD reporter vectors. HEK-293T cells were then co-
transfected with miR-30c-5p mimic and the above report vector using
Lipofectamine 2000 (Invitrogen). After 24 h, the supernatant of HEK-293T
cells was collected. Luciferase activity was subsequently measured using a
dual luciferase reporter system (E1910, Promega). The relative luciferase
activity was determined as Firefly luciferase divided by Renilla luciferase.
The same method was used to detect the binding ability of miR-30c-5p to
KLF10. miR-30c-5p mimic and pGL3-Luciferase Reporter vector (Promega)
containing WT KLF10-3’untranslated region (3’UTR) or MUT KLF10-3’UTR
were transfected into HEK293T cells. Each experiment was repeated 3
times to obtain the mean value.
The NORAD cDNA sequences containing potential miRNA binding sites

and mutant miRNA binding site were cloned into the mammalian
expression vector pcDNA3.1 (Invitrogen). Subsequently, WT-KLF10, MUT-
KLF10, pcDNA3.1, pcDNA3.1-NORAD, pcDNA3.1-NORAD-MUT, pcDNA3.1
NORAD+miR-30c-5p mimic, or miR-30c-5p mimic were transfected into
143B cells using lipofectamine 2000. The relative luciferase activity was
calculated after 48 h of transfection.

RNA immunoprecipitation (RIP)
RIP was performed using the Magna-RNA binding protein immunopreci-
pitation kits (Millipore, Billerica, MA, USA) according to the manufacturer’s
instructions. Briefly, the entire cell lysate was added with normal mouse
immunoglobin G (IgG) as NC or RIP buffer containing human-derived anti-
Argonaute 2-conjugated magnetic beads, and incubated with proteinase
K. The RNA concentration was then detected using a spectrophotometer
(Thermo Fisher Scientific), and the RNA quality was assessed using a bio-
analyzer (Agilent, Santa Clara, CA, USA). Finally, RNA content was extracted
and the purified RNA was detected using RT-qPCR to verify the presence of
binding sites.

RNA pull-down assay
First, osteosarcoma cells were transfected with biotin-labeled WT-NORAD
and biotin-labeled MUT-NORAD (50 nM each). After 48 h of transfection,
the cells were collected and incubated with cell lysate (Ambion, Austin,
Texas, USA) for 10min. Afterwards, 50 mL of cell lysate sample was
aliquoted. Next, the residual lysate was incubated with M-280 streptavidin
magnetic beads (Sigma) pre-coated with RNase-free and yeast tRNA
(Sigma) at 4 °C for 3 h. The mixture was then washed twice with cold lysate,
three times with low-salt buffer, and once with high-salt buffer. Finally,
RNA content was extracted for RT-qPCR detection.

Fluorescence in situ hybridization (FISH)
When cell confluence reached 60–70%, the cells were fixed with 4%
formaldehyde for 10min, and permeated in 0.5% TritonX-100 at 4 °C for
15min. The FITC-labeled NORAD cell probe was incubated overnight at
37 °C, and then rinsed with 2 × saline sodium citrate (SSC) 6 times for
3 min. Next, Cy3-labeled miR-30c-5p probe and pre-hybridization buffer (1:
100) were incubated at 88 °C for 3–5min. Following incubation, the cells
were incubated with Cy3-labeled miR-30c-5p probe overnight at 37 °C,
washed 6 times with 2 × SSC for 3 min, and washed 3 times with 2 × SSC
for 5 min. Finally, the cells were observed under a fluorescence microscope
(Olympus, Tokyo, Japan) with five random fields.

Transwell assay
First, 50 μL Matrigel (Sigma) was spread in the chamber before the
experiment. Osteosarcoma cells at the logarithmic phase of growth were
starved for 24 h, and detached the following day to make the final
concentration of 2 × 105/mL. The upper chamber of Transwell was added
with 0.2 mL of the suspension, while the lower chamber was added with
700 μL DMEM containing 10% FBS for incubation in an incubator at 37 °C
with 5% CO2. After 24 h, the cells were removed from the Transwell
chamber, fixed with methanol, and stained with 0.1% crystal violet. Five
fields were then randomly selected under an inverted microscope (XDS-
800D, Shanghai Caikang Optical Instrument Co., Ltd., Shanghai, China), and
the number of stained cells was counted and expressed as an average. For
EV treatment, osteosarcoma cells were seeded in 6-well plates. After 24 h,
new medium was replaced and added with EVs or an equal amount of PBS.

Cell counting kit-8 (CCK-8) assay
Cells were incubated with a CCK-8 solution (10 µL, Dojindo, Japan) in 96-
well plates at 37 °C for 1–3 days. A microplate reader (Thermo Fisher
Scientific) was used to measure the absorbance at a wavelength of 450 nm.

Western blot analysis
Total protein content was extracted from tissues and cells using RIPA lysis
buffer (R0010, Beijing Solarbio Science & Technology Co. Ltd., Beijing,
China). The obtained protein was lysed for 15min for 15min at 4 °C and
centrifuged at 12,000 × g for 15min with the supernatant collected for
protein concentration determination with BCA kits (23227, Thermo Fisher
Scientific). The proteins were then separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to the polyvinylidene
fluoride membrane. The membrane was blocked with 5% bovine serum
albumin for 1 h at room temperature and incubated overnight at 4 °C with
diluted rabbit primary antibodies, including KLF10 (dilution ratio of 1: 1000,
ab73537), and GAPDH (dilution ratio of 1: 10,000, ab8245, Abcam). After 3
times washes with TBST (each for 5 min), the membrane was incubated
with the horseradish peroxidase-labeled goat anti-rabbit IgG (dilution ratio
of 1: 20,000, ab205718, Abcam) at room temperature for 1 h. The
membrane was then developed, and semi-quantification of the bands
was performed using the Image J 1.48 software (National Institutes of
Health) and normalized to GAPDH. The experiment was repeated three
times to obtain the mean value.

Xenograft tumor model and lung metastasis model
Specific pathogen free immunodeficient nude mice (aged 4–5 week old,
BALB/c, nu/nu, Liaoning Changsheng Biotechnology Co., Ltd., Benxi,
Liaoning, China) were housed under an environment of 26–28 °C and
50–65% humidity. According to previous studies [25, 26], 143B osteosar-
coma cell line exhibits a high rate of subcutaneous tumor formation or
lung metastasis, thus, we selected the 143B osteosarcoma cell line to
construct xenograft tumor models. The concentration of 143B osteosar-
coma cells was adjusted to 2 × 107 cells/mL, and 143B cells were then
injected subcutaneously in the back of nude mice. Trypan blue elimination
determined that 95 percent of the cells were viable prior to injection. Eight
days after injection, nude mice were treated with PBS, BMSC-EVs (10 μg
EVs isolated from BMSCs), BMSC-EV-shNC (EVs isolated from shNC
lentivirus-infected BMSCs), or BMSC-EV-shNORAD (EVs isolated from
shNORAD lentivirus-infected BMSCs), respectively (n= 10). Next, the tumor
volume was measured every 4 days: W= 1/2*a*b2 (a, long diameter; b,
short diameter). Three weeks later, the mice were sacrificed by CO2, and
the tumor tissue was stripped and weighed.
For the lung metastasis model, the 143B cells stably-treated with pcDNA

NORAD and sh-NORAD were injected into the female BALB/c nude mice
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via the tail vein. After 7 weeks of treatment, all mice were sacrificed and
the number of lung metastatic nodules and lung weight were evaluated.
Meanwhile, for BMSC-EVs treatment, 143B osteosarcoma cells were
injected into the tail vein to develop lung metastasis. Fourteen days after
injection, the mice were divided into 4 groups (10 mice per group)
according to the equivalent range of tumor size. Next, the mice were
repeatedly injected with 10 μg of EVs or PBS via the tail vein twice a week
for a month. After 7 weeks of tumor growth, all mice were sacrificed, and
the number of lung metastatic nodules and lung weight were evaluated.
The expression patterns of NORAD and miR-30c-5p in lung tissues from
bone marrow sample were detected, and the lungs were isolated for
Western blot detection and hematoxylin-eosin (HE) staining.

HE staining
HE staining was used to detect the effect of NORAD on the metastasis of
osteosarcoma. The removed lung tissue block was fixed with fixative
solution (10% formalin, Bouin’s fixative solution, etc.), rinsed with water for
30min, dehydrated with alcohol at different concentrations, incubated
with xylene, embedded in wax, sectioned, dewaxed and stained.

Bioinformatics analysis
The osteosarcoma GSE70414 dataset comprising of 1 normal sample and 5
osteosarcoma samples was obtained from the Gene Expression Omnibus
database (GEO); (https://www.ncbi.nlm.nih.gov/geo/). Differentially analysis
was subsequently performed using the R language “limma” package
with threshold set as |logFoldChange | > 1 and p < 0.05 as the screening
standard. In addition, the target gene of miR-30c-5p was predicted using
the mirDIP database (http://ophid.utoronto.ca/mirDIP/index.jsp#r), TargetS-
can database (http://www.targetscan.org/vert_71/) and miRDB database
(http://mirdb.org/). Meanwhile, the candidate target genes were analyzed
for interaction analysis, and other genes that might interact with miR-30c-
5p were predicted using the GeneMANIA database (http://genemania.org/).

Statistical analysis
Statistical analyses were performed using the GraphPad Prism 8.0 software
(GraphPad Software, La Jolla, CA, USA), and all experiments were repeated
at least 3 times independently. Measurement data were expressed as
mean ± standard deviation. Comparisons between cancer tissues and
adjacent tissues were examined by paired t test, while comparisons
between other two groups were examined by unpaired t test. Comparisons
of multiple groups of data were examined by one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test. Two-way ANOVA or repeated
measures ANOVA was performed for comparisons between groups at
multiple time points, followed by Tukey’s post-hoc test. Survival analysis
was performed using Kaplan–Meier method and tested with log-rank test.
Spearman’s rank correlation coefficient was employed for correlation
analysis between miR-30c-5p and NORAD as well as between NORAD and
KLF10 in osteosarcoma tissues. A value of p < 0.05 was regarded
statistically significant.

RESULTS
Highly-expressed NORAD was associated with lung metastasis
of osteosarcoma
A previous study has shown that NORAD regulates the prolifera-
tion and migration of osteosarcoma cells [22]. In order to further
understand the role of NORAD in osteosarcoma, we performed RT-
qPCR for quantification of lncRNA NORAD, and found that NORAD
expression levels were increased in osteosarcoma tissues and
metastatic osteosarcoma tissues relative to normal tissues, while
higher NORAD expression was detected in metastatic osteosar-
coma tissues than that in osteosarcoma tissues (Fig. 1A, B). The
Kaplan–Meier curve further indicated that the survival of patients
with low NORAD expression was longer than that of patients with
high NORAD expression (Fig. 1C). In addition, we assigned 30
patients into 2 groups (n= 15) based on the median value of
NORAD expression. As shown in Table A1, NORAD was not
significantly correlated with gender, age or tumor site yet
significantly correlated with Enneking classification, differentiation
and metastasis. In addition, the aforementioned increased NORAD
expression levels were confirmed in 4 different osteosarcoma cell

lines in comparison to hFOB 1.19 cell line (Fig. 1D). In addition, we
established an in vivo lung metastasis models in order to
investigate the effect of NORAD on lung metastasis of osteosar-
coma. The osteosarcoma 143B cells were infected with lentivirus
expressing sh-NORAD (Lv-sh-NORAD) or lentivirus overexpressing
NORAD (Lv-NORAD), and the results of RT-qPCR confirmed that
Lv-sh-NORAD infection effectively down-regulated the NORAD
expression, while Lv-NORAD upregulated the NORAD expression
(Fig. 1E). Moreover, in vivo osteosarcoma metastasis model results
showed that following injection of 143B cells infected with Lv-
NORAD in mice, lung metastatic nodules and lung weight
exhibited an increase, while injection of 143B cells infected with
sh-NORAD lentivirus caused suppression of lung metastasis
(Fig. 1F–I). These results suggested that highly-expressed NORAD
was correlated with poor prognosis, and further promoted lung
metastasis of osteosarcoma.

BMSC-EVs transported NORAD into osteosarcoma cells
Osteosarcoma cells stimulated by BMSCs possess an enhanced
ability to migrate across endothelial cells [27]. In order to
investigate whether BMSCs could transfer NORAD into osteo-
sarcoma cells, we isolated and purified BMSCs from bone
marrow. Observation under an optical microscope illustrated
that BMSCs were spindle-shaped, growing in colonies, arranged
like a vortex when dense, as shown in Fig. S1A. In addition,
BMSCs exhibited osteogenic, adipogenic, and chondrogenic
differentiation function (Fig. S1B). The BMSC-EVs were further
isolated from conditioned supernatant, and analyzed by means
of TEM and NTA, which revealed that the isolated particles
exhibited double-layer membrane with diameter ranged
30–120 nm (Fig. 2A, B). According to Western blot assay, positive
expression of Alix, TSG101, and CD81 was detected in EVs,
while non-EVs markers such as GRP94 and plasma lipoproteins
such as APOB were found to be negative (Fig. 2C). These
findings suggested that the EVs were successfully isolated from
BMSCs.
To further explore the effect of BMSC-EVs on osteosarcoma

cells, we co-cultured PKH67-labeled BMSC-EVs or PBS with
osteosarcoma cells for 12 h (Fig. 2D). As a sequence, it was
observed that a large number of BMSC-EVs were distributed in
osteosarcoma cells around the nucleus, while osteosarcoma cells
treated with PBS did not exhibit green fluorescence. Meanwhile,
the EVsrbase website (http://www.EVsrbase.org) indicated that
NORAD was present in circulating EVs and a variety of cells.
Therefore, we then explored the existence of NORAD in BMSC-EVs.
To evaluate whether NORAD was encapsulated in EVs or on the
surface of EVs, RNase protection assay was performed on the EVs
in the medium. Following treatment with detergent to destroy the
vesicle membrane, EVs were incubated with RIPA buffer for
20min, with RNase A, and then with lysis buffer. It was found that
following treatment with only RNase, NORAD level in the medium
did not change, whereas the additional application of Triton X100,
a detergent to dissolve lipid, brought about a reduction in the
level of NORAD (Fig. 2E). The above-mentioned findings demon-
strated that NORAD was enveloped by the membrane rather than
being directly released. In order to further explore the transfer of
NORAD, FITC-NORAD (green) was electrically transfected to
BMSCs, followed by the extraction of EVs. The EVs were labeled
with Dil (red) and incubated with osteosarcoma cells for 48 h. The
co-localization of FITC and Dil was observed in recipient
osteosarcoma cells under a microscope, and it was found that
the osteosarcoma cells internalized the EVs containing FITC-
NORAD (Fig. 2F). Moreover, the expression of NORAD in
osteosarcoma cells was increased after co-culture with BMSC-
EVs, while showing no significant changes following co-culture
with EV-depleted BMSC medium (Fig. 2G). These findings
supported that NORAD in BMSCs could be transported to
osteosarcoma cells through EVs.
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NORAD derived from BMSC-EVs promoted proliferation and
invasion of osteosarcoma cell
To investigate the effect of NORAD derived from BMSC-EVs on
osteosarcoma cell metastasis, we knocked NORAD down in BMSCs
to observe the changes in cells. The results of RT-qPCR demon-
strated that NORAD expression levels in BMSCs and the extracted
MSC-EVs were effectively reduced after NORAD knockdown (Fig. 3A).
Subsequently, osteosarcoma cells were incubated with the extracted
MSC-EVs or BMSCs, and RT-qPCR findings revealed that the
expression of NORAD in osteosarcoma cells incubated with MSC-
EVs were increased, while exhibiting no significant changes in
osteosarcoma cells upon incubation with BMSC-EV-shNORAD
(Fig. 3B). In addition, the proliferation and invasion abilities of
recipient osteosarcoma cells incubated with MSC-EVs were found to
be improved, while down-regulation of NORAD in BMSC-EVs
reduced the malignant capacities of osteosarcoma cells (Fig. 3C,
D). These results indicated that BMSC-EVs-NORAD promoted the
proliferation and invasion of osteosarcoma cells.

NORAD induced the proliferation and invasion of
osteosarcoma cells by sponging miR-30c-5p
In addition, miR-30c-5p has been recently reported in a ceRNA
network to play a role in the occurrence of osteosarcoma [21].
Bioinformatic analysis performed using the StarBase website
(http://starbase.sysu.edu.cn/) suggested the presence of binding
sites between NORAD and miR-30c-5p (Fig. 4A). Subsequently, we

mutated the miR-30c-5p binding site, and the luciferase report
assay showed that miR-30c-5p mimic inhibited the luciferase
activity of WT-NORAD, but did not affect that of MUT-NORAD
(Fig. 4B). In addition, FISH results showed that NORAD and miR-
30c-5p were co-localized in the 143B cells (Fig. 4C). Moreover, a
strong interaction was observed between miR-30c-5p and NORAD,
as demonstrated by RIP assay, suggesting the presence of NORAD
in miR-30c-5p RNA-induced silencing complex (Fig. 4D). The
results of RNA pull-down assay demonstrated that the lysate of
WT-NORAD- or MUT-NORAD-treated osteosarcoma cells bound to
beads, where RT-qPCR demonstrated high content of miR-30c-5p
in the pull-down pellets by NORAD-WT (Fig. 4E), indicating the
specific recognition of miR-30c-5p on NORAD. We further
examined the levels of miR-30c-5p in clinical samples, which
revealed that the expression of miR-30c-5p in OS tissues was
negatively correlated with the expression of NORAD (Fig. 4F).
Together, these results proved that miR-30c-5p can be competi-
tively bound by NORAD.
To further explore whether interaction of NORAD and miR-30c-

5p influenced the malignant capacities of osteosarcoma cells, we
treated MG-63 osteosarcoma cells with Lv-NORAD and miR-30c-5p
mimic, whilst 143B cells were treated with Lv-sh-NORAD and miR-
30c-5p inhibitor. Subsequent results demonstrated that over-
expression of NORAD diminished the levels of miR-30c-5p and
improved the proliferation and invasion of MG-63 cells, while miR-
30c-5p mimic reversed the pro-proliferative and pro-invasive

Fig. 1 NORAD induced lung metastasis of osteosarcoma. A Detection of NORAD expression in osteosarcoma tissues and adjacent tissues by
RT-qPCR (n= 30). B Detection of NORAD expression in metastatic osteosarcoma tissues (n= 18) and non-metastatic osteosarcoma tissues by
RT-qPCR (n= 12). C Kaplan–Meier survival curve analysis of the correlation between NORAD expression and overall survival. D Detection of
NORAD expression in human osteoblast hFOB 1.19 and osteosarcoma cell lines 143B, HOS, Saos-2, and MG-63 by RT-qPCR. E, The expression
of NORAD in 143B cells was detected by RT-qPCR after knocking down or overexpressing NORAD. F Nude mice were injected with NORAD-
deficient or NORAD-overexpressed osteosarcoma cells (n= 10), sacrificed 7 weeks later, and assessed for lung weight. G Representative image
of metastatic lung tissues (n= 10) upon treatment with knocking down or overexpressing NORAD. H The number of lung metastatic nodules
from mice injected with 143B cells treated with Lv-NORAD, sh-NORAD, or controls. (n= 10). I, HE staining showing metastatic lung nodules
(scale bar= 50 μm; n= 10). The measurement data were expressed as mean ± standard deviation, the comparison between cancer tissues and
adjacent tissues were examined by paired t test, the comparison between other two groups were examined by unpaired t test, and the
comparison of multiple groups of data were examined by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
vs. adjacent tissues, hFOB 1.19 cells, cells with Lv-NC or sh-NC. The experiment is repeated at least 3 times independently.
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effects of NORAD (Fig. 4G–I). Meanwhile, NORAD knockdown
elevated the miR-30c-5p levels and impeded the proliferation and
invasion of 143B cells, both of which were rescued after inhibition
of miR-30c-5p. The above results indicated that NORAD can
competitively bind to miR-30c-5p and promote the proliferation
and invasion of osteosarcoma cells.

NORAD upregulated KLF10 by sponging miR-30c-5p
After uncovering the regulation of miR-30c-5p by NORAD in
osteosarcoma cells, we speculated whether NORAD may regulate
the target gene of miR-30c-5p by acting as a ceRNA. To explore
the target genes of miR-30c-5p, the GSE70414 dataset was
retrieved from the GEO database. Subsequent analysis of the
dataset revealed that 79 genes were significantly highly expressed
in osteosarcoma (Fig. S2). In addition, target genes of miR-30c-5p
were predicted using the mirDIP, TargetScan, and miRDB
database, while 8 genes were found at the intersection of the
predicted target genes and up-regulated genes (Fig. S3). Next,
these 8 genes and other related genes were included to construct

a gene-gene interaction map (Fig. 5A). It was found that the KLF10
gene was the hub gene (Table S3), indicating that KLF10 might
play a key modulatory role in the disorder. The binding sites of
miR-30c-5p and KLF10 were obtained through StarBase website.
To further verify whether miR-30c-5p reduced the expression of
KLF10 by binding to its 3’UTR, we designed sequences of WT-
KLF10 and MUT-KLF10 and performed a dual luciferase reporter
gene assay. It was found that miR-30c-5p mimic decreased the
luciferase activity of WT-KLF10, but did not affect the luciferase
activity of MUT-KLF10 (Fig. 5B). Next, a WT/MUT KLF10 3′UTR
luciferase reporter was constructed in 143B cells transfected with
pcDNA-NORAD/pcDNA-NORAD mut. Over-expression of pcDNA-
NORAD, rather than pcDNA-NORAD mut, increased the luciferase
activity of pmirGLO-KLF10 luciferase reporter, while miR-30c-5p
mimic was found to counter this effect (Fig. 5C). Meanwhile, the
results of Spearman correlation analysis showed that NORAD
levels in osteosarcoma tissues were positively correlated with
KLF10 expression (Fig. 5D). Then, 143B and MG-63 cells were
treated with miR-30c-5p mimic or inhibitor, and it was observed

Fig. 2 BMSC-EVs transmitted NORAD to osteosarcoma cells. A Representative TEM images of morphology of EVs. Scale bar= 100 nm.
B Detection of EV diameter and concentration by NTA. C Western blot analysis showing the expression of EV markers Alix, TSG101, CD81,
endoplasmic reticulum protein GRP94 and plasma lipoprotein APOB. D Immunofluorescence microscopy was used to observe the
internalization of BMSC-EVs labeled with PKH67 (green) by osteosarcoma cells. Nucleus stained with DAPI (blue). Scale bar= 25 μm. E RT-qPCR
showing the expression of NORAD in EVs treated with RNase and detergent. F The co-localization of FITC-NORAD (green) and Dil-EVs (red) in
osteosarcoma cells, with nuclei stained with DAPI (blue). Scale bar= 25 μm. G RT-qPCR showing the expression of NORAD in osteosarcoma
cells co-cultured with BMSC-EVs. The measurement data were expressed as mean ± standard deviation. The comparison of multiple groups of
data was analyzed by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. The experiment was
repeated at least 3 times independently.
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that treatment with miR-30c-5p mimic reduced KLF10 levels, while
miR-30c-5p inhibitor enhanced KLF10 levels (Fig. 5E). To further
explore whether NORAD regulated KLF10 through miR-30c-5p,
143B cells were treated with Lv-NORAD alone or in combination
with miR-30c-5p mimic, and MG-63 cells were treated with sh-
NORAD or miR-30c-5p in combination with miR-30c-5p inhibitor,
respectively. The results demonstrated MG-63 cells exhibited
increased KLF10 levels after NORAD over-expression, while miR-
30c-5p mimic countered this effect; 143B cells exhibited
decreased KLF10 levels after NORAD knockdown, while treatment
with miR-30c-5p inhibitor rescued the KLF10 expression (Fig. 5F).
These data suggested that NORAD may serve as a ceRNA of miR-
30c-5p, leading to increased expression of KLF10.

EV-NORAD up-regulated miR-30c-5p-mediated KLF10 to
promote the proliferation and invasion of osteosarcoma cells
We then set out to investigate whether the BMSC-EV-NORAD
could up-regulate the expression of KLF10. The results of RT-qPCR
demonstrated that miR-30c-5p levels were reduced in osteosar-
coma cells co-cultured with BMSC-EVs, while being up-regulated
after osteosarcoma cells were incubated with BMSC-EV-shNORAD
(Fig. 6A). It was also found that treatment with sh-KLF10 effectively
decreased the KLF10 expression in 143B cells or MG-63 cells,
whereas incubation with BMSC-EVs could partially restore KLF10
levels, while treatment with BMSC-EV-shNORAD brought about
lower KLF10 levels compared to treatment with BMSC-EVs (Fig. 6B).
Furthermore, the proliferation and invasion of osteosarcoma cells
were observed to be significantly reduced following KLF10
knockdown, and both of which could be rescued after the cells
were incubated with BMSC-EVs, while BMSC-EV-shNORAD led to
suppressed cell proliferation and invasion compared to treatment
with BMSC-EVs (Fig. 6C, D). The above results indicated that EVs
derived from BMSCs could deliver NORAD to osteosarcoma cells to
mediate the miR-30c-5p/KLF10 axis, whereby accelerating the
proliferation and invasion of osteosarcoma cells.

BMSC-EV-NORAD promoted lung metastasis of osteosarcoma
Last, to observe the effect of BMSC-EVs on the tumor formation,
subcutaneous xenograft models were constructed. After injection
with BMSC-EVs, the volume and weight of the transplanted
tumors were found to be increased, but injection with BMSC-EV-
shNORAD brought about reductions in tumor volume and weight
as compared to injection with BMSC-EVs (Fig. 7A–C). In order to
further investigate the effect of BMSC-EV-NORAD on lung
metastasis of osteosarcoma, we injected 143B cells into nude
mice through the tail vein. After 2 weeks, BMSC-EVs or equal
amounts of PBS were injected into the tail vein of mice, twice a
week for a duration of 1 month. It was observed that the lung
weight and metastatic pulmonary nodules were significantly
increased in mice injected with BMSC-EVs, but BMSC-EV-shNORAD
led to reduced lung weight, and metastatic pulmonary nodules
compared to treatment with BMSC-EVs (Fig. 7D–G). As for the
expression patterns of NORAD, miR-30c-5p, and KLF10 in the lung
tissues, the results of RT-qPCR and Western blot analyses
demonstrated increased levels of NORAD and KLF10, and
decreased miR-30c-5p in the lung tissues of mice injected with
BMSC-EVs, whereas mice injected with BMSC-EV-shNORAD exhib-
ited lower NORAD/KLF10 and higher miR-30c-5p expression in the
lung tissues compared to mice injected with BMSC-EVs (Fig. 7H, I).
The above results suggested that NORAD from BMSC-EVs
upregulated KLF10 via miR-30c-5p, thereby promoting lung
metastasis of osteosarcoma.

DISCUSSION
As the chief component of TME, mesenchymal stem cells are
present in a plethora of tissues, such as adipose tissues, bone
marrow, umbilical cord and placenta [28]. Meanwhile, BMSC-
conditioned medium can promote the growth and migration of
osteosarcoma cells [29]. Based on our data, we further found that
BMSC-derived EVs play a key role in regulating tumor cell

Fig. 3 NORAD in BMSC-EVs enhanced the proliferative and invasive potentials of osteosarcoma cells. A RT-qPCR showing NORAD
expression in BMSCs and BMSC-EVs after NORAD knockdown. B RT-qPCR showing NORAD expression in osteosarcoma cells cultured with
BMSC-EVs. C Proliferation of osteosarcoma cells cultured with BMSC-EVs, BMSC-shNORAD or controls detected by CCK-8. D The invasion of
osteosarcoma cells cultured with BMSC-EVs, BMSC-shNORAD or controls were detected by Transwell assay. The measurement data were
expressed as mean ± standard deviation. The comparison between two groups was examined by unpaired t-test, and the comparison of
multiple groups of data was examined by one-way ANOVA. Two-way ANOVA was used for comparison between groups at multiple time
points, followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. shNC, Control, or EVs-shNC. The experiment was repeated at
least 3 times independently.
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proliferation and invasion. In this study, we clarified that highly
expressed NORAD promoted lung metastasis of osteosarcoma.
BMSC-EVs delivered NORAD to osteosarcoma cells to regulate
miR-30c-5p/KLF10 axis, thereby promoting proliferation, invasion,
and lung metastasis of osteosarcoma cells (Fig. 8).
TME serves as the playground for numerous interactions,

including the communication between tumor cells and other
cells [30]. In addition, BMSCs possess the ability to regulate certain
pathways in osteosarcoma cells to enhance their lung metastasis
[31]. BMSCs are further used for cell transplantation therapy due to
their multi-directional differentiation potential, no immunogeni-
city, and other advantages [32]. Previous studies have also
highlighted the enhanced migration of osteosarcoma across the
endothelium upon stimulation by BMSCs and capillary network of
endothelial cells [27]. This particular phenomenon of cell-to-cell
communication can possibly be attributed to EVs. Inherently, EVs
are nano-vesicles that are secreted by the greater part of cell types
in the body [33], including BMSCs. Expanding on our current
knowledge, findings obtained in our study demonstrated that the

vesicles isolated from BMSC conditioned media were double-
membraned vesicles in the range of 30–120 nm. A growing
number of studies have further shown that BMSC-derived EVs, by
modulating the RNA/protein expression in recipient cells, promote
or inhibit tumor growth, highlighting them as potential targets for
clinical applications [34, 35]. Our findings revealed that BMSC-EVs
carried the lncRNA NORAD into osteosarcoma cells and promoted
tumor progression.
Furthermore, a large number of studies have documented the

involvement of non-coding RNAs, especially miRNA and lncRNA
in various biological and pathological processes occurring
during the course of osteosarcoma development [36–38]. A
newly-identified lncRNA, NORAD is known to be highly-
conserved, abundantly expressed in several malignancies, and
maintains chromosome stability [18]. In the current study, we
documented up-regulated levels of NORAD in both osteosar-
coma cells and osteosarcoma tissues. Also, recent evidence has
also illustrated transfection of osteosarcoma cell Saos-2 and
143B cells with NORAD-specific small interfering RNAs brought

Fig. 4 NORAD adsorbing miR-30c-5p affected the proliferation and invasion of osteosarcoma cells. A The binding site and mutation site
between NORAD and miR-30c-5p. B Dual luciferase reporter assay was used to detect the luciferase activity of WT/MUT-NORAD in HEK-293T
cells. ***p < 0.001 vs. mimic (MI)-NC. C FISH showing the colocalization of Cy3-miR-30c-5p (red) and FITC-NORAD (green) in 143B cells. Scale
bar= 25 μm; DAPI, blue. D The relationship between NORAD and miR-30c-5p was detected by RIP after HEK-293T cells were transfected with
miR-30c-5p mimic or mimic-NC. ***p < 0.001 vs. IgG. E, RT-qPCR showing the enrichment of miR-30c-5p pulled down by biotinylated NORAD
and NC probes. ***p < 0.001 vs. MUT-NORAD. F RT-qPCR showing the relative expression of miR-30c-5p in osteosarcoma tissues and adjacent
tissues (left) and Spearman correlation showing the correlation between NORAD level and miR-30c-5p expression in osteosarcoma tissues
(right) (n= 30). G RT-qPCR showing the expression of miR-30c-5p after transfection of NORAD overexpression plasmid or miR-30c-5p mimic in
osteosarcoma cells. H CCK-8 was used to detect the proliferation of osteosarcoma cells after transfection of NORAD overexpression plasmid or
miR-30c-5p mimic in osteosarcoma cells. I Transwell assay was used to detect the invasion of osteosarcoma cells after transfection of NORAD
overexpression plasmid or miR-30c-5p mimic in osteosarcoma cells. The measurement data were expressed as mean ± standard deviation. The
comparison between cancer tissues and adjacent tissues were examined by paired t test. The comparison between other two groups was
examined by unpaired t test, and the comparison of multiple groups of data was examined by one-way ANOVA. Repeated measures ANOVA
was used for comparison between groups at multiple time points, followed by Tukey’s post hoc test. The experiment was repeated at least 3
times independently.
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about significant inhibition of their proliferation and invasion
abilities in vitro and in vivo [22]. Meanwhile, NORAD is also
known to target the miR-410-3p to confer effects on drug
resistance in osteosarcoma [39]. In regard to osteosarcoma, the
danger of the malignancy is ascertained to metastasis, which is a
complex multi-step process. Adhesion molecules, angiogenic
factors, proteolytic enzymes, tumor metastasis-associated fac-
tors, and metastasis inhibitors are known to be involved in the
process of migration and metastasis [40]. More importantly,
NORAD can regulate metastasis; for instance, inhibition of
NORAD by the YAP pathway suppresses lung and breast cancer
metastasis by chelating S100P [41]. In our study, we revealed

that NORAD delivered by BMSC-derived EVs promoted the lung
metastasis of osteosarcoma in nude mouse models.
Last but not the least, miRNAs are known to regulate gene

expression through post-transcriptional regulation of mRNAs [42].
More remarkably, lncRNAs and miRNAs can communicate and co-
regulate with each other in the ceRNA network [43]. For instance,
NORAD was previously highlighted to drive the proliferation and
migration of malignant cells in osteosarcoma via sponging miR-
199a-3p [22]. We witnessed a similar relationship in our study,
wherein NORAD functioned as a ceRNA of miR-30c-5p, while
inhibition of miR-30c-5p facilitated metastasis and cancer cell
proliferation in osteosarcoma. Largely in agreement with our

Fig. 5 NORAD promoted KLF10 expression via sponging miR-30c-5p. A Analysis of gene-gene interaction. The inner circle represented 8
candidate genes, and the outer circle represented the genes interacting with these 8 genes. B The binding site of KLF10 and miR-30c-5p was
predicted through starbase, and luciferase reporters were constructed to detect the luciferase activity in HEK-293T cells. C WT-NORAD, MUT-
NORAD, miR-30c-5p, and WT/MUT-KLF10 luciferase reporter were used to analyze the luciferase activity in 143B cells. D The relative expression
of KLF10 in osteosarcoma tissues and adjacent tissues was detected by RT-qPCR (left), and the correlation between NORAD level and KLF10
expression in osteosarcoma tissues was analyzed by Spearman (right) (n= 30). E Western blot analysis showing KLF10 protein expression in
osteosarcoma cells transfected with miR-30c-5p mimic/inhibitor. F Western blot analysis showing KLF10 protein expression in osteosarcoma
cells after NORAD overexpression/knockdown or combined with miR-30c-5p mimic/inhibitor. The measurement data were expressed as mean
± standard deviation. The comparison between cancer tissues and adjacent tissues was examined by paired t test. The comparison between
other two groups was examined by unpaired t test, and the comparison of multiple groups of data was examined by one-way ANOVA,
followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. mimic NC, pcDNA-NC, or adjacent tissues. The experiment was repeated
at least 3 times independently.
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Fig. 7 NORAD from BMSC-EVs promoted lung metastasis of osteosarcoma. A Representative macroscopic images of subcutaneous
xenograft tumor from nude mice injected with EVs or EV-shNORAD, n= 10. B Volume of transplanted tumor from nude mice injected with
EVs or EV-shNORAD at different time points, n= 10. C Weight of subcutaneous transplanted tumor from nude mice injected with EVs or EV-
shNORAD, n= 10. D Weight of lung in nude mice injection with different osteosarcoma cells from nude mice injected with EVs or EV-
shNORAD, n= 10. E Representative images of lung metastases from nude mice injected with EVs or EV-shNORAD. F The number of metastatic
pulmonary nodules from nude mice injected with EVs or EV-shNORAD, n= 10. G HE staining showing metastatic lung nodules from nude
mice injected with EVs or EV-shNORAD. Scale bar, 50 μm. H RT-qPCR showing the expression of NORAD and miR-30c-5p in lung tissues from
mice injected with EVs or EV-shNORAD, n= 10. I Western blot analysis showing KLF10 expression in lung tissues from mice injected with EVs
or EV-shNORAD, n= 10. The measurement data were expressed as mean ± standard deviation. The comparison of multiple groups of data was
examined by one-way ANOVA. Repeated measures ANOVA was used for comparison between groups at multiple time points, followed by
Tukey’s post hoc test. ***p < 0.001. The experiment is repeated at least 3 times independently.

Fig. 6 EV-NORAD promoted the proliferation and invasion of osteosarcoma cells via miR-30c-5p/KLF10 axis. A RT-qPCR showing miR-30c-
5p expression in osteosarcoma cells treated with EVs or EV-shNORAD. B Western blot analysis showing KLF10 expression in osteosarcoma cells
transfected with shKLF10 or further incubated with EVs or EV-shNORAD. C CCK-8 showing the proliferation of osteosarcoma cells transfected with
shKLF10 or further incubated with EVs or EV-shNORAD. D Transwell showing the invasion of osteosarcoma cells transfected with shKLF10 or further
incubated with EVs or EV-shNORAD. Scale bar, 50 μm. The measurement data were expressed as mean± standard deviation. The comparison of
multiple groups of data was examined by one-way ANOVA. Two-way ANOVA was used for comparison between groups at multiple time points,
followed by Tukey’s post hoc test. *p< 0.05, **p< 0.01, ***p< 0.001 vs. shNC. The experiment was repeated at least 3 times independently.
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results, several studies have documented the downregulation of
miR-30c-5p in multiple malignancies such as breast, lung, and
gastric tumors [44–46]. Moreover, a recent study found that miR-
30c-5p was poorly expressed in osteosarcoma, and further lncRNA
RP11-361F15.2 acted as a ceRNA against miR-30c-5p to regulate
CPEB4, thereby promoting osteosarcoma tumorigenesis [21].
LncRNA PVT1 encapsulated in BMSC-derived EVs has been
documented to facilitate growth and metastasis in osteosarcoma
partly by sponging miR-183-5p [17]. Notably, lncRNA CASC15
loaded in osteosarcoma plasma EVs has been deciphered to
enhance growth and metastasis of osteosarcoma cells by
mediating the miR-338-3p/RAB14 axis [47]. Similar with these
findings, we unearthed that co-culture with BMSC-EVs brought
about declined miR-30c-5p levels, and that miR-30c-5p bound to
KLF10, where inhibition of KLF10 decreased the malignant
characteristics of osteosarcoma cells. KLF10, a target gene for
multiple signaling pathways, is associated with cellular differentia-
tion, and even highlighted as a potential marker for many human
diseases, such as breast cancer, cardiac hypertrophy, and
osteoporosis [48]. Further in line with our study, one recent
report demonstrated that ceRNA mechanism underlying up-
regulation of KLF10 promoted the growth and invasion of
osteosarcoma cells [49]. Nevertheless, another study has sug-
gested the functional role of tumor EV-educated MSCs in
osteosarcoma progression, which identifies other targets, i.e.,
interleukin- 6 and transforming growth factor-beta [50]. Hence,
further investigation on other molecular mechanisms responsible
for the function of BMSC-EVs is necessary.
Altogether, findings obtained in the current study indicated that

NORAD promoted the progression of osteosarcoma, while EVs
derived from BMSCs transported NORAD into osteosarcoma cells,
thereby regulating the miR-30c-5p/KLF10 axis. This study provides
evidence for a mechanism by which BMSC-EVs and NORAD
promote the development of osteosarcoma, shedding light on
prospective NORAD-based therapy against osteosarcomaa.

AVAILABILITY OF DATA AND MATERIALS
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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